We analyse the role of the empty spiracles (ems) gene in embryonic brain and ventral nerve cord development. ems is differentially expressed in the neurectoderm of the anterior head versus the trunk region of early embryos. A distal enhancer region drives expression in the deutocerebral brain anlage and a proximal enhancer region drives expression in the VNC and tritocerebral brain anlage. Mutant analysis indicates that in the anterior brain ems is necessary for regionalized neurogenesis in the deutocerebral and tritocerebral anlagen. In the posterior brain and VNC ems is necessary for correct axonal path®nding of speci®c interneurons. Rescue experiments indicate that the murine Emx2 gene can partially replace the¯y ems gene in CNS development. q
Introduction
Many studies on embryonic development of Drosophila have shown that pattern formation in the head and trunk region of the early embryo differ in several respects (for review see Cohen and Ju Èrgens, 1991; Finkelstein and Perrimon, 1991) . For instance, progressive subdivision of the trunk region requires the functions of the maternal, gap, pair rule and segment polarity genes (for review see Ingham, 1988; Pankrantz and Ja Èckle, 1993) . The posterior (gnathal) head is subdivided similarly to the trunk, but in the anterior (cephalic) head, pair rule genes do not contribute to segmentation. Instead it has been proposed that the cephalic gap genes orthodenticle (otd), empty spiracles (ems) and buttonhead (btd) directly activate the expression of segment polarity genes (Cohen and Ju Èrgens, 1990; Finkelstein and Perrimon, 1990; Mohler, 1995; Gallitano-Mendel and Finkelstein, 1998) . More recently, the analysis of differences in the genetic mechanisms between head and trunk development have been extended to the developing central nervous sytem (CNS) (for review see Hartmann and Reichert, 1998) . However, there is little information concerning the roles of such patterning genes in the distinction between brain and ventral nerve cord development.
Here we analyse the expression, regulation and function of the Drosophila empty spiracles (ems) gene in anterior brain and ventral nerve cord development. The ems gene was originally discovered in a search for zygotic patterning mutations and has been classi®ed as a cephalic gap gene (Ju Èrgens et al., 1984; Ju Èrgens, 1990, 1991; Finkelstein and Perrimon, 1990) . ems encodes a homeodomain containing transcription factor and is expressed at the early cellular blastoderm stage in a single circumferential stripe at the anterior end of the embryo (Dalton et al., 1989; Walldorf and Gehring, 1992) . This early expression is under control of maternal positional information in a manner similar to that of (non-cephalic) gap genes (Dalton et al., 1989; Walldorf and Gehring, 1992; Grossniklaus et al., 1994) . Later in embryogenesis, the ems gene is expressed in the developing cephalic region. Mutation of ems leads to a gaplike phenotype in the anterior head, which includes deletions in cuticular structures, the loss of several cephalic sensory structures, and the absence of engrailed and wingless expression from the intercalary, antennal and preantennal segments (Cohen and Ju Èrgens, 1990; . Mutation of ems also leads to a deletion of the deutocerebral and tritocerebral anlagen of the embryonic brain . In addition to its expression in the head region, ems also shows a later, metameric expression pattern in ectodermal and neural cell patches in all trunk segments (Dalton et al., 1989; Walldorf and Gehring, 1992) . The functions of ems in the trunk region or in the VNC are however not known.
Using molecular neuroanatomical techniques, we ®rst carry out a spatiotemporal expression analysis of ems during embryonic neurectodermal development. We ®nd ems to be differentially expressed in the anterior head versus the posterior head and trunk region both in the time of expression onset and in the spatial restriction/extension characteristics before and after neuroblast delamination. We then analyse the 5 H regulatory region of ems and identify a distal enhancer region, which drives expression in the antennal segment including the deutocerebral brain anlage, and a proximal enhancer region which drives expression in the intercalary, gnathal and trunk segments including the tritocerebral brain anlage and the VNC. Mutant analysis indicates that in the anterior brain ems is necessary for regionalized neurogenesis in the deutocerebral and tritocerebral anlagen. In the posterior brain and VNC ems is necessary for correct axonal path®nding of speci®c interneurons. Rescue experiments indicate that the murine Emx2 gene can partially replace the¯y ems gene in CNS development.
Results

Differential expression of the ems gene in the anterior head versus the trunk region
The spatiotemporal patterns of ems expression in the developing ectoderm of the head and trunk were characterized by immunohistochemical analysis coupled with laser confocal microscopy. This analysis shows that the pattern of ems expression is highly dynamic and clearly different in the cephalic versus the trunk region.
In the cephalic region, ems is expressed in a broad circumferential stripe at the cellular blastoderm stage (Dalton et al., 1989; Walldorf and Gehring, 1992) . This stripe narrows dorsally at stage 7 (Fig. 1A) and divides ventrally during stage 8 (Fig. 1C) . By stage 9, ems expression has resolved into individual patches in the ectoderm of the labral, the antennal and the intercalary segment of the anterior head (Fig. 1E) . We ®nd that the intercalary segment contains in addition to the previously described ems-positive cells adjacent to the cephalic furrow (Dalton et al., 1989; Walldorf and Gehring, 1992) a smaller group of cells located further anterior. The posterior group of cells merges with the ems-positive cells of the mandibular segment at stage 10 (Fig. 1G) . The other regionally restricted expression domains of ems in the anterior embryonic head persist through stage 10 (Fig. 1G) . The large antennal expression domain of the ectoderm gives rise to the ems expressing neuroblasts of the deutocerebrum, which delaminate at stages 9±10 (Younossi-Hartenstein et al., 1996) . Interestingly, once neuroblast delamination is complete, the initially restricted ems expression domains in the ectoderm enlarge markedly. Thus, at stage 12±13, when elements of the cephalic peripheral nervous system (sensilla) are generated (Campos-Ortega and Hartenstein, 1997), EMS immunostaining extends over one-half of the embryonic head and includes much of the preantennal, antennal and intercalary segments (Fig. 1I) . In the developing gnathal and trunk segments, no EMS immunostaining is detected before stage 8 (Fig. 1B) . By late stage 8, weak EMS immunostaining in the ectoderm appears in a metameric pattern throughout the extended germ band (Fig. 1D) . By stage 9, when the ®rst wave of VNC neuroblast delamination is underway (Doe, 1992; Campos-Ortega and Hartenstein, 1997) , the metameric EMS-positive ectodermal patches have broadened considerably (Fig. 1F) . The lateral part of these EMS-positive patches gives rise to tracheal placodes, which invaginate at stage 11 (CamposOrtega and Hartenstein, 1997) . The ems-expressing segmental domains persist and enlarge slightly at stage 10 (Fig. 1H) . However, at stage 11 these ems-expressing segmental domains disappear, and by stage 12, after all of the ems-expressing neuroblasts have delaminated, new domains of EMS immunostaining appear in narrow cell rows located along the segmental constrictions (Fig. 1J) .
This spatiotemporal analysis reveals several clear differences in the ems expression between the cephalic and the trunk region. First, ems expression begins at different times during embryogenesis; expression in the anterior head precedes expression in the trunk. Second, the spatial dynamics of ems expression are different. In the anterior head, the ems expression starts as a broad stripe, then becomes regionalized into discrete domains, and subsequently, after neuroblasts have delaminated, broadens again. In contrast, in the trunk expression begins in a segmentally restricted fashion, these segmental expression domains subsequently enlarge, and ®nally, after neuroblasts have delaminated and tracheal placodes have invaginated, these segmental expression domains disappear and thin stripes of ems expression appear at the segment boundaries. These marked differences suggest that different regulatory mechanisms are involved in the control of ems expression in the head versus the trunk region of the embryo. To investigate this, we analysed the enhancer region of the ems gene.
Differential regulation of the expression of ems in anterior head versus trunk
To characterize the ems enhancer, a series of reporter gene constructs were generated, which contained either the 8.2 kb upstream regulatory region of the ems gene or different deletions within this enhancer region, fused to a lacZ reporter gene ( Fig. 2A) . For most constructs, two independent transformant lines were generated and analysed.
ems-LacZ8.2 contains the entire 8.2 kb upstream regulatory region of the ems gene. Reporter gene expression in this line begins in the ectoderm at stage 6/7 and is localized to the same circumferential stripe domain as is endogenous expression of the ems gene (Fig. 2B) . Subsequently, the stripe-like reporter gene expression domain resolves into restricted regions in the antennal and intercalary segment of the anterior head, and at the end of stage 8, the metameric expression pattern appears in the posterior head and trunk region (data not shown). By stage 10, distinct patches of reporter gene expression are seen in the labral, antennal and intercalary segments, and metameric expression domains are seen in all gnathal and trunk segments (Fig.  2E) . The reporter gene is also expressed in the neuroblasts which delaminate out of these ectodermal regions as well as in their neural progeny. In consequence, in the brain of a stage 15 embryo, reporter gene expression is observed in discrete domains of the tritocerebral and deutocerebral brain anlagen (Fig. 2H) . (Occasionally, some ectopic cells are labeled in the protocerebral brain anlage.) Moreover, metameric reporter gene expression occurs in all the neuromeres of the subesophageal ganglion and the VNC. Taken together, this indicates that reporter gene expression in ems-LacZ8.2 mimics the endogenous ems expression pattern. This was con®rmed by double immunolabeling experiments for EMS and b-GAL (data not shown).
ems-LacZ5.6 contains a deletion of the distal 2.6 kb of the enhancer element ( Fig. 2A) . In contrast to ems-LacZ8.2, this line shows no reporter gene expression at stage 6/7 ( Fig.  2C ). At the end of stage 8, the ®rst reporter gene expression can be detected in a metameric pattern in the trunk and gnathal regions of the embryo, and by stage 10, distinct and segmentally repeated patches of reporter gene expression are seen in the ectoderm of all trunk and gnathal segments as well as in the labral segment (Fig. 2F ). This is similar to the reporter gene expression domains in the trunk and gnathal segments of ems-LacZ8.2 (Fig. 2E ). In contrast, ems-LacZ5.6 lacks reporter gene expression in the antennal domain (arrow in Fig. 2F , compare to Fig.  2E ). Accordingly, in a stage 15 embryo, reporter gene expression in this line is also lacking in the deutocerebral brain anlage, which derives from the antennal segment ( Fig.  2I , arrowheads). In the tritocerebral neuromere, in the neuromeres of the suboesophageal ganglion and in the neuromeres of the VNC, reporter gene expression in emsLacZ5.6 is similar to that seen in ems-LacZ8.2 (compare Fig. 2H and I).
The enhancer construct used to generate ems-LacZ2.6D represents a counterpart to the enhancer construct used in ems-LacZ5.6, because it contains the distal 2.6 kb element of the enhancer, but lacks most of the adjacent proximal part. Reporter gene expression in ems-LacZ2.6D begins in the ectoderm at stage 6/7 and is localized to a circumferential stripe domain ( Fig. 2D ) which is similar to that observed for ems-LacZ8.2. Towards the end of stage 8, a single patch of reporter gene expression forms in the antennal region of the head and, except for a few ectopic cells, there is no expression in the trunk and gnathal regions of the embryo (data not shown). By stage 10, the reporter gene expression domain in the antennal region of the head is prominent ( Fig.  2G ) and is similar to that observed in the antennal segment of ems-LacZ8.2 (Fig. 2E) . No reporter gene expression is seen in the trunk and gnathal ectoderm. Accordingly, in the brain of a stage 15 embryo, reporter gene expression is found only in the deutocerebral brain anlage which derives from the antennal segment (Fig. 2J, arrowheads) . In the deutocerebral brain anlage, reporter gene expression in emsLacZ2.6D is similar to that seen in ems-LacZ8.2 (compare Fig. 2H and J).
The constructs ems-LacZ 4.6, 3.3 and 1.0D have larger deletions in the distal or proximal enhancer regions than those used to generate ems-LacZ5.6 or ems-LacZ2.6D ( Fig. 2A) . Reporter gene expression in these ems-LacZ lines generated extensive ectopic staining patterns, which was not interpretable. They were, therefore, not characterized further.
This analysis of the enhancer region of the ems gene indicates that a distal 2.6 kb element can drive expression of ems in the antennal segment and in the deutocerebral brain anlage, and that a proximal 4.1 kb element can drive expression of ems in the trunk and in the neuromeres of the VNC and the tritocerebrum. Thus, we have now identi®ed regulatory elements in the ems enhancer that can differentially control head and brain versus trunk and VNC expression.
Developmental defects in the brain of ems mutants
The embryonic brains of ems null mutants have a gap-like phenotype since the deutocerebral and tritocerebral neuromeres are missing . What is responsible for this gap-like phenotype? Fate map studies relate the Expression of reporter gene in ectodermal sections as revealed by anti-bGAL staining (red/orange). (H±J) Double labeling with anti-bGAL (red) and neuronspeci®c anti-HRP (green); arrow marks tritocerebrum, arrowheads¯ank deutocerebrum. Ems-LacZ8.2 mimics the endogenous ems expression in ectoderm and CNS (B,E,H). ems-LacZ5.6 shows no blastoderm expression (C), a speci®c loss of the ectodermal expression in the antennal segment (arrow in F) and a speci®c loss of the expression in the deutocerebral neuromere of the brain (arrowheads in I). ems-LacZ2.6D mimics the blastoderm stripe (D), but in the ectoderm shows expression only in the antennal segment (G) and in the CNS only in the deutocerebral brain anlage (arrowheads in J).
regionalized cephalic defects seen in head gap gene mutants to the broad stripe of expression in the early cellular blastoderm stage (Ju Èrgens et al., 1986; Cohen and Ju Èrgens, 1990; . It is, therefore, conceivable that the gap in the embryonic brain of the ems mutant is due to the absence of cells in the mutant domain at the early cellular blastoderm stage. To investigate this, we introduced the ems-LacZ8.2 reporter line into the ems null mutant background and compared reporter gene expression in this background to reporter gene expression in a wildtype background. This comparison shows that the circumferential stripe-like expression domain at the anterior end of stage 7 embryos is present in both the wildtype and the mutant background (compare Fig. 3A and B) . This implies that cells are not missing in the mutant domain of early cellular blastoderm embryos.
It is only at early stage 9 that a marked difference in reporter gene expression patterns becomes manifest; at this stage the prominent expression domain seen in the antennal segment of the wildtype background does not appear in the ems mutant background (compare Fig. 3C and D). There are two possible explanations for this loss of reporter gene expression in the mutant. First, it could be caused by cell death in the ems mutant domain of the antennal segment. Second, a functional ems protein might be necessary for ems transcription in the antennal segment at this developmental stage. To determine if cell death is responsible for the loss of reporter gene expression in the mutant, we used a TUNEL assay to compare the amount of cell death between a wildtype and ems mutant background. At stage 9/10, when the reporter gene staining is missing in the antennal region of mutant embryos, there is no apoptotic cell death in the antennal region of the wildtype or the mutant embryos (Fig. 3E,F) . At this stage, apoptotic cell death is restricted to an area posterior to the cephalic furrow. This suggests, that the ectodermal cells in the ems domain of mutants are still in place.
For the head gap genes tailless, orthodenticle and buttonhead, loss of function mutations have been shown to result in the absence of proneural gene expression in the mutant domain and the absence of neuroblasts that would normally segregate from this domain (Younossi-Hartenstein et al., 1997) . In con®rmation with these data, we observe an absence of expression of the proneural gene acheate in the antennal domain of ems mutants (data not shown). In ems mutants we also observe the absence of a number of molecular markers, which in the wildtype label different subsets of neuroblasts and neurons within the deuto-and tritocerebral domain. Among these are castor , labial , engrailed (Patel et al., 1989b) , even-skipped and the gene Paired box-neuro (Bopp et al., 1989 ) (data not shown). We, therefore, conclude that ectodermal cells are present in the antennal domain of ems mutants, but that these cells do not acquire the competence to form brain neuroblasts.
Developmental defects in the ventral nerve cord of ems mutants
ems-LacZ reporter gene expression in the developing trunk region is similar in an ems null mutant background and in a wildtype background (Fig. 3, insets) . To determine whether the VNC, which derives from this region, is unaffected in the ems mutant, we analysed the reporter gene expression in the VNC of ems mutants in more detail.
The ems expressing neurons in each neuromere of the embryonic VNC are interneurons and are generated by neuroblasts (NB) 3-5 and 4-4 (Schmidt et al., 1997, J. Urban, pers. commun.) . Double labeling experiments con®rm that all of these ems expressing neurons show reporter gene expression in the ems-LacZ8.2 line. In addition, ectopic reporter gene expression is occasionally seen in some midline cells (asterisks in Fig. 4D,H) . Since the reporter gene expression is cytoplasmic, the axonal projections of these interneurons are also revealed by reporter gene expression. At the beginning of axogenesis, labeled interneurons, which form a cell cluster in the lateral neuropil, send axons across the anterior commissure (Fig. 4A,B) . Once these axons have crossed to the contralateral side, they project rostrally within the longitudinal connectives (Fig. 4E,F) . In an ems null mutant background the emsLacZ reporter gene staining reveals the presence of both ems-neuroblasts (not shown) as well as a lateral cluster of neurons located at the same position as in the wildtype (Fig. 4C,D) . However, in contrast to the wildtype, these neurons do not extend axons across the midline at the same stage of development. Indeed, at this stage, only a few labeled neuronal processes of short length are seen (Fig. 4D, arrow) . Even at later stages, only few axons project correctly across the anterior commissure and then turn rostrally (Fig. 4G,H arrowhead) . Most of the labeled neuronal processes are short and project randomly. Occasionally, axons are found which cross the midline along the posterior commissure (arrow in Fig. 4H ). Note, that in the mutant background the ems-LacZ-positive cell body clusters are slightly misarranged, so that some clusters are out of focal plane and ectopic staining in midline cells (which is also present in the wildtype background) comes into view. All clusters are present, however they appear somewhat reduced in their number of neurons. Thus, in the absence of a functional ems protein in the embryonic VNC, those mutant neurons which are present display dramatic axogenesis defects.
In the embryonic VNC, NB 3-3 also expresses ems (as well as the reporter gene in the ems-LacZ line) but its progeny do not (J. Urban, pers. commun.). Thus, the neurons stemming from this neuroblast are not part of the ems-LacZ positive cell cluster in Fig. 4E . However, the progeny of NB 3-3 (as well as NB 3-3 itself) do express the pair rule gene even-skipped (eve). These eve expressing neurons are located in the lateral part of the segmental neuromere (Fig. 4I, arrow) and have been referred to as the EL-neurons (Patel et al., 1989a) . In the ems mutant, eve expression is no longer observed in the lateral part of the VNC neuromeres (Fig. 4J, asterisk) . Delamination of NB 3-3 is however unaffected, as it doublelabels for the ems-LacZ reporter gene and eagle (data not shown). eagle expression was used as another marker for NB 3-3 (Dittrich et al., 1997) . This suggests that ems expression in NB3-3 is required for later eve expression in the EL-neurons. 
Rescue of mutant CNS phenotypes by the Drosophila ems or the mouse Emx2 gene
To determine the time window in which ems acts in embryonic brain and VNC development, we generated transgenic¯ies carrying the ems gene under control of a heat-inducible promotor (see Section 4). Genetic rescue experiments were then performed by ubiquitous overexpression of ems in an ems null mutant background. The characteristic features of the brain phenotype in ems null mutant embryos is a cellular gap and lack of longitudinal connectives between the protocerebrum and the subesophageal ganglion (arrow in Fig. 5B , compare to arrow in Fig. 5A ) . Moreover, the frontal connectives, which in the wildtype project from the frontal ganglion into the tritocerebrum, project ectopically into the protocerebrum (arrowhead in Fig. 5B , compare to arrowhead in Fig.  5A ). Ubiquitous overexpression of the ems transgene in the ems null mutant background carried out at stage 11 resulted in a restoration of brain morphology. In a quarter of the cases, the cellular gap and the longitudinal connectives between the protocerebrum and the subesophageal ganglion were restored (arrow in Fig. 5C ) and the frontal connectives projected correctly (arrowhead in Fig. 5C ). This suggests that the existence of a functional ems protein at stage 11 is suf®cient for proper development of the anterior brain. Rescue experiments were not possible before stage 6/7, since overexpression of ems at these stages caused severe developmental defects including malformations in the CNS (not shown). A rescue of the ems mutant brain phenotype at stages 7±10 or after stage 11 was less ef®cient.
Similar rescue experiments were attempted for the VNC axogenesis defects observed in ems mutants. When the ems transgene was overexpressed in the ems null mutant background (containing the ems-LacZ reporter gene) at stage 11, a weak restoration of labeled commissural and longitudinal axonal projections was observed (Fig. 6A,B) . In these cases, a few axons labeled by reporter gene expression were seen projecting across the midline or along the connectives. However, the full complement of labeled commissural and longitudinal projections as in the wildtype was never attained (compare Fig. 6B with Fig. 4F ). Before or after stage 11 no rescue of the VNC axogenesis defects was observed.
In ems mutants, clustered eve expressing neurons are no longer observed in the lateral part of the VNC neuromeres (see above). Ubiquitous overexpression of the ems transgene in the ems null mutant background at stages 10±11 resulted in the restoration of eve expression in the lateral part of the VNC neuromeres in about one half of the cases (arrow in Fig. 6C ). This suggests that the existence of a functional ems protein at stage 10±11 is suf®cient for proper initiation of eve expression in the EL-neurons.
Murine homologues of the Drosophila ems gene, Emx1 and Emx2, have been cloned on the basis of conservation of the homeobox sequence (Simeone et al., 1992b) . Both genes are expressed in the forebrain, but not in more posterior regions of the CNS (Simeone et al., 1992a, b) . Given these striking differences in expression pattern between the¯y and mouse genes, we wanted to test whether the biochemical properties of the EMS/EMX proteins in CNS development have been conserved during evolution. To determine if murine homologs of ems are capable of restoring the brain and VNC phenotypes of ems mutant¯ies, we generated transgenic¯ies, carrying the Emx2 gene under control of a heat-inducible promotor. Genetic rescue experiments were then performed by ubiquitous overexpression of the mouse Emx2 gene in an ems null mutant background (see Section 4). When the Emx2 transgene was overexpressed at stage 11, substantial restoration of brain morphology was observed. Thus, in a quarter of the cases, the cellular gap and the longitudinal connectives between the protocerebrum and the subesophageal ganglion were restored (arrow in Fig. 5D ). However, the projection defects of frontal connectives were not rescued; in all cases the frontal connectives still projected ectopically into the protocerebrum (arrowhead in Fig. 5D ). This suggests that a functional murine Emx2 gene can replace the ems gene to a large degree in the development of the anterior part of the Drosophila brain.
Overexpression of Emx2 in ems mutants perturbed axogenesis in the VNC; the axon scaffold was deranged in these animals, and in many cases the anterior and posterior commissures were fused and the longitudinal connectives were disrupted (open arrowheads in Fig. 6D ). In addition, overexpression of the mouse Emx2 gene in ems mutants resulted in supernumerary eve expressing cells in the VNC (up to 50 cells, compared to approximately 32 cells in wildtype) which were scattered across the whole anterior part of each neuromere (arrow and arrowhead in Fig. 6D ). However, although the number of eve expressing cells is increased, there are distinct clusters of eve-expressing cells at the normal position of the EL neurons (Fig. 6D ). This fact, compared with the situation in the mutant (Fig. 4J) , could re¯ect partial rescue.
Discussion
The spatiotemporal expression analysis presented here reveals several clear differences in ems expression between the head and the trunk region. First, ems expression begins at different times during embryogenesis; expression in the head precedes expression in the trunk. Second, the spatial dynamics of ems expression are different. In the head, ems expression starts as a broad stripe, then becomes regionalized into discrete domains, and subsequently, after neuroblasts have delaminated, broadens again. In contrast, in the trunk expression begins in a segmentally restricted fashion, these segmental expression domains subsequently enlarge, and ®nally, after neuroblasts have delaminated, these segmental expression domains disappear. These results indicate that there is a clear distinction in developmental genetic control between the head and the trunk region.
Indeed, we have identi®ed two different regulatory regions within the ems enhancer which are linked to these differences in expression between the head and the trunk. Our ®ndings indicate that the enhancer of ems can be divided into a distal 2.6 kb element, which drives expression in the antennal segment and the corresponding deutocerebral brain anlage, and into a proximal 4.1 kb element, which drives expression in the trunk and corresponding neuromeres of the VNC as well as in the intercalary segment and the corresponding tritocerebral brain anlage. We do not know if separate regulatory elements exist for tritocerebral versus VNC expression; further deletions within the proximal 4.1 kb element (ems-LacZ 4.6 and 3.3) did not result in a speci®c loss of the tritocerebral expression domain. It will now be of particular interest to determine the molecular circuits specifying the regulatory properties of ems within the anterior brain and within the posterior brain and VNC.
The embryonic brains of ems null mutants have a gap-like phenotype since the deutocerebral and tritocerebral neuromeres are missing . Comparable gap-like brain phenotypes have been also described for other cephalic gap genes, like tll, otd and btd Younossi-Hartenstein et al., 1997) . Fate map studies relate the regionalized cephalic defects to the broad expression domains of these cephalic gap genes in the early cellular blastoderm stage (Ju Èrgens et al., 1986; Cohen and Ju Èrgens, 1990; . However, it has recently been shown that the brain phenotype in otd null mutants can be rescued by overexpressing a hs-otd trans-gene at stages 7±8, suggesting that the broad stripe of otd expression in the early cellular blastoderm stage is not necessary for later brain development (Leuzinger et al., 1998) . Indeed, our results indicate that the gap in the embryonic brain of ems mutants is not due to the absence of cells in the mutant domain at the early cellular blastoderm. By introducing ems-LacZ8.2 into the ems null mutant background we directly demonstrate that the cells are still present in the mutant domain of early blastoderm embryos. Con®rming previous data, we ®nd the brain defect instead to be due to the inability of ectodermal cells in the mutant domain to form brain neuroblasts (Younossi-Hartenstein et al., 1997, this study) . In accordance with this, it is possible to rescue the brain defect by ubiquitous overexpression of ems at stage 11. Considering that in the wildtype most of the ems-positive brain neuroblasts form between stage 9 and 11, it is surprising that rescue experiments through overexpression of ems are less ef®cient at stages 9±10. The reason for this is not known.
In the VNC of ems mutants, axogenesis defects are seen in mutant interneurons; most of the neuronal processes of these interneurons are short and project randomly. The molecular bases for these axogenesis defects are not known. ems could be a transcriptional regulator of cell surface molecules within the developing VNC, in which case the axogenesis defects might be the result of altered expression of cell surface molecules in postmitotic neurons. The results of our rescue experiments in the VNC suggest that ems is indeed required during the postmitotic phase of the mutant interneurons. A comparable role of transcription factors in axogenesis has been proposed for the LIM homeobox genes islet and apterous which are expressed in different subsets of interneurons and are required for their correct axonal projections in the VNC (Lundgren et al., 1995; Thor and Thomas, 1997) . Another subset of VNC interneurons, the EL-neurons, are also affected in the ems mutant; eve expression is missing in the mutant EL-neurons. In the wildtype, ems is not expressed in the EL-neurons themselves but in the NB 3-3 from which they stem. Since runt activity has been shown to be necessary in the NB 3-3 for eve expression in the EL-neurons (Dormand and Brand, 1998) , it will now be important to determine if ems and runt interact in the control of eve expression in the EL-neurons.
The murine homologues of the Drosophila ems gene, Emx1 and Emx2, are both expressed in the anterior brain and functional analysis suggests that the Emx genes are involved in dorsal telencephalic development (Simeone et al., 1992a, b; Pellegrini et al., 1996; Qiu et al., 1996; Yoshida et al., 1997) . Our results show that the murine Emx2 gene can, at least in part, functionally replace thē y ems gene in the development of the anterior brain and the VNC. This suggests that some of the biochemical properties of the ems/Emx2 proteins which are important for the control of CNS development have been conserved during evolution. In this regard it is interesting to note that the 61 amino acid residues of the¯y ems homeodomain differ from the homeodomains of the murine EMX2 protein in only eleven residues (Simeone et al., 1992b) .
Experimental procedures
Fly stocks
Wildtype was Oregon-R. The ems mutant allels were ems 9H83 , ems 7D99 and ems 9Q (Ju Èrgens et al., 1984) . To identify cells in the mutant domain, we crossed ems-LacZ8.2/ CyO (see below) to ems 9H83 /TM3. Progeny was selected for ems-LacZ8.2/1; ems 9H83 /1 and crossed inter se. Homozygous mutants were identi®ed by the absence of anti-EMS immunoreactivity. Embryos were staged according to Campos-Ortega and Hartenstein (1997) .
Generation of transgenic lines
For the construction of an ems-lacZ fusion gene, a 6.7 kb BamHI-HindIII fragment containing the complete regulatory region of the ems gene was cloned in front of the ems basic promotor fragment fused to the E. coli lacZ gene (Walldorf and Gehring, 1992) . This construct (emsLacZ8.2) was cloned in the transformation vector Carnegie 20.1. Similarly, constructs ems-LacZ 5.6, 3.3, 2.6D and 1.0D were generated by fusing different fragments of the ems 5 H regulatory region in front of the ems basic promotor. All constructs were injected into Drosophila embryos according to standard techniques (Rubin and Spradling, 1983) and several independent transformant lines were generated, balanced and analysed for each construct.
For the hs-ems construct, a 2.2 kb ems cDNA fragment was cloned in a pCaSpeR-hs vector (Pirrotta, 1988) containing a modi®ed polylinker (Maier et al., 1997) . For the hsEmx2 construct, a 2.2 kb Emx2 cDNA fragment was cloned in the vector pNHT4 (a gift from A. Simeone).
Apoptosis assay
Apoptosis was detected using the TUNEL method (Gavrieli et al., 1992) . For this, embryos were ®xed and washed according to Therianos et al. (1995) except that after devitellinization the embryos were only once quickly washed in methanol. After washing, the embryos were equilibrated for 1 min in equilibration buffer from the APOP-TAG direct detection kit (Oncor). Embryos were incubated in working strength terminal transferase mixture for 1 h at 378C, and washed 3 £ 10 min in stop buffer at 378C (APOP-TAG kit). Control embryos were treated the same way, but without enzyme. Embryos were then processed further as described in Patel (1994) .
Heat shock overexpression
For ectopic overexpression of ems we crossed ems 9H83 / TM3 virgins with males homozygous for the heat-shock construct hs-ems. Progeny were selected for hs-ems/hsems; ems 9H83 /1 and crossed inter se. For axogenesis rescues, we crossed hs-ems/hs-ems; ems 9H83 /1 virgins to ems-LacZ8.2/1; ems 9H83 /1 males. For ectopic overexpression of Emx2 we crossed ems 9H83 /TM3 virgins with hsEmx2-13-1/CyO males. Progeny were selected for hsEmx2-13-1/1; ems 9H83 /1 and crossed inter se. Embryos were collected on agar plates at 258C in 1 h intervals and exposed to a series of heat pulses according to Leuzinger et al. (1998) . After heat shock embryos were allowed to reach stage 14/15, and were then ®xed and stained. As controls, some embryos of each genotype did not receive a heat shock. As further controls, wildtype animals were collected and treated in parallel with the experimental animals. Embryos homozygous for the null mutation were identi®ed by lack of anti-EMS immunostaining.
Laser confocal microscopy
For laser confocal microscopy a Leica TCS SP was used. Optical sections ranged from 0.8 to 2 mm recorded in line average mode with picture size of 512 £ 512 pixels. Captured images from optical sections were arranged and processed using IMARIS (Bitplane). Figures were arranged and labeled using Adobe Photoshop.
